In this paper, performance behavior of seals under compression and various hydraulic pressures were investigated. Two approaches (experimental and numerical) have been used. It was found that significant improvements in seal performance can be achieved by carefully combining rectangular and circular profiles into one seal. The folding mechanism at the step of the seal with H 1 /H 2 =2.5 was found to contribute the seal's best performance. Further, for each loading condition, contact stresses were greater than the applied hydraulic pressures. This important sealing criterion confirmed that the new seal geometry has good sealing capability. Contrary to previous studies, contact stresses were found to possess a non Hertzian profile. By measuring contact lengths using a video microscope, the seal with new geometry recorded higher contact lengths compared with seals having circular profile. The fringe patterns and deformation behavior from numerical models showed remarkable similarity with experimental results.
boundary. Johannesson and Kassfeld (1989) measured the contact stress distributions of an elastomeric seal. Contact stresses in seals have also been studied by Strozzi (1986) using photoelastic experiments. Photoelaticity is an attractive experimental method because of its ability to give whole field observation of stresses for complicated shapes and loading conditions. Medri and Strozzi (1984) conducted photoelastic experiments, and noted that photoelasticity is a useful technique that can be used to assess the accuracy of numerical results. Bignardi et al. (1999) used both isoclinic and isochromatic data from photoelasticity to describe stress fields and contact pressures of lip seals.
The use of isoclinic and isochromatic fringes has however, been faced with technical difficulties. For instance, it is not easy to differentiate between isoclinic and isochromatic fringe lines. Moreover, isoclinic fringes are time consuming to obtain (Medri and Strozzi, 1984) and tend to be less reliable. To overcome the difficulties associated with isoclinic fringes in stress analysis, hybrid methods have been suggested (Lin and Rowlands, 1999) . These methods combine advantages of experimental, numerical and analytical methods. Photoelastic experimental hybrid method (PEHM) is one of the hybrid methods that has been applied to analyze stresses in structures with considerable success. One of the merits of PEHM is its ability to separate stress components using isochromatic fringes only without using isoclinic fringes. Nam et al. (2011) used PEHM to obtain contact stresses of O-ring seals. Hawong et al. (2009 Hawong et al. ( , 2010 employed PEHM to study the interior and contact stresses of seals with circular cross sections.
As noted, many studies have been carried out with the aim of evaluating the stresses produced in seals with circular (Kim et al., 2007 , 2010 ,Nam et al., 2011 and rectangular (Johannesson and Kassfeld, 1989, Strozzi, 1986) cross sections. There is little information in the open literature on the performance behavior of seals with the geometry that combines rectangular and circular profiles. Further, there are contradictory reports regarding the profile of contact stress fields. It is generally reported (Kim et al., 2007) that the contact stress field has the Hertzian profile when the circular-shaped seal is under compression only, without lateral pressure. Karaszkiewicz (1990) and Johannesson (1978) noted that even with both compression and medium pressure, the contact stresses have a Hertzian profile. These observations need to be investigated through further studies.
The main objective of this paper is to assess the performance behaviour of a contact seal with a new geometry of combined rectangular and circular profiles to contribute to better designs of seals and seal systems. This is especially important for various reasons. Firstly, the presence of tensile stresses in the seal may result in cracking and hence failure. Secondly, to prevent leakages, the static contact pressure must exhibit a larger value than the hydraulic pressure under operational conditions. Both experimental and numerical methods were used in this work. Experimental work is particularly useful not only for direct application of results in industry but also as a powerful tool to verify theoretical and numerical predictions.
To achieve the objectives, photoelastic experiments were performed under various loading conditions to obtain isochromatic fringes of the stress fields. An image processing software, Image Pro Plus was then used to analyze isochromatic fringes from photoelastic experiment. The data from the image processing software was used in a computer program to determine the interior and contact stresses of seals with different cross sectional geometries. The profile of the contact stresses was obtained and was shown to have non-Hertzian profile. The extrusion behaviour and contact lengths at typical seal working pressures were determined. The contact lengths were measured using a video microscope.
Hyperelastic properties of epoxy material used to make photoelastic models were measured. A numerical method was then used to investigate the seal behaviour at a pre-load of 20% and various hydraulic pressures using Abaqus. The numerical results were correlated with experimental results and remarkable similarity was observed between experimental and numerical results.
Measurement of internal stress by photoelastic experimental hybrid method (PEHM) 2.1 Seal specimen
Due to spiral failure resulting from circular shaped seals ( Fig. 1.a) , a new seal profile was proposed ( Fig. 1.b) . The seal was designed to possess a flat base and can be a suitable replacement to mechanical seals with circular cross section due to its better resistance to spiral failure (Parker, 2008) . The seal possesses an additional advantage of fitting easily into rectangular grooves commonly used in industry. Furthermore, the seal combines the advantages of both circular and rectangular shapes which makes it more attractive than individual use of either the circular or rectangular seal. Mose, Dong-Kil Shin, Dong-Chul Shin, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.2 (2017) To investigate performance behavior of the new seal, specimens ( Fig. 2 (a) ) were first fabricated from aluminium metal having a cross sectional height of 7 mm. The cross sectional height, H was the sum of H 1 and H 2 . The ratio of H 1 /H 2 was varied between 1 and 3.5 as shown in Fig 2 (b) for the case of H 1 /H 2 =3.5. The metallic seals served as patterns to make pink silicone molds. Using the molds, photoelastic models were cast from a mixture of Araldite and hardener manufactured by Hutsman. Details of the casting procedure are provided in (Nam et al., 2008) . The fabricated seal model, geometric dimensions and co-ordinate system used in seal analysis are shown in Fig. 2 . From the fabricated model, it is noted inner diameter was 121.5 mm. In the co-ordinate system ( Fig. 2 (c) ), X Y is global coordinate and x y local coordinate. On the front region, = and = − while on the upper side, = − and = − . 
Loading equipment
The test equipment that was used in PEHM is shown in Fig. 3 . The equipment consists of housing cylinder and seal ring guide. The equipment is designed to give 20% squeeze and allow application of hydraulic pressures to the seals. Loading directions and sectional view are shown in Fig. 3(b) . Details on the working principle of the test equipment are provided in reference (Hawong et al., 2010 ). Mose, Dong-Kil Shin, Dong-Chul Shin, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.2 (2017) (a) (b) 
Flat base

Stress freezing and PEHM
The seal model was installed into a specially designed loading equipment ( Fig. 3 (a)) and stress freezing was performed to lock stress fringes by heating seal models above glass transition temperature according to the cycle in (Nam et al., 2008) . During stress freezing cycle, hydraulic pressure was applied through the hydraulic oil inlet shown in Fig. 3 (b). Small slices ( Fig. 2 (a) ) were cut out from stress frozen seals and polished to a thickness of about 1 mm. Polished slices were mounted on the transparent photoelastic experimental device Mod. 061-17 and their isochromatic fringes were recorded using a digital camera. From isochromatic fringes, image analysis was done using imaging software, Image Pro Plus (IPP). The most bright and dark points in the black (x.0 order) and white bands (x.5 order) of isochromatics were found by using the "Image Pro Plus". And then, the fringe data in PEHM was obtained after adding the fringe orders at the points in the region of stress analysis. The data obtained from IPP was combined with geometric and loading condition of the seal to evaluate stresses using the formula in eq. (1). A detailed derivation of eq. (1) can be obtained from (Hawong et al., 2006) .
(1), z is a complex variable given by the expression z = x + iy; i = √−1, Re and Im are the real and imaginary parts of the complex function. The value of = + was obtained through computational method. Overbar of in eq.
(1) means the conjugate of . The number of isochromatic fringes is denoted by N and is easily obtained from stress-optic law in eq. (2). The stress optic law is a useful equation that gives the relationship between the observed isochromatic fringes and the stresses. It serves as an important tool in converting fringe data into stress distributions. The procedure of using experimental data with numerical computation to determine and substituting it in eq. (1) to get stress components (σ x , σ y , τ xy ) is known as PEHM. The state of stress in the seal structure was known when the regenerated graphic fringes were similar to the actual experimental fringes. When regenerated fringes were not similar to actual ones, the process was repeated until the actual and regenerated fringe patterns showed good fitting.
Mose, Dong-Kil Shin, Dong-Chul Shin, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.2 (2017) Stress analysis of the seal was performed independently for the upper and front sides using the coordinate system described in Fig. 2 (c) .
In eq. (2), f σ is the stress fringe value, N is the fringe order, and t is the thickness of the specimen. The stress fringe value, f σ , of the photoelastic material used in this study was 242.6 N/m (Shin et al., 2014) .
Results of photoelastic experimental hybrid method (PEHM) 3.1 Isochromatic fringes
The isochromatic fringe patterns from stress frozen seal models with various ratios of H 1 to H 2 and compressed to 20% squeeze as hydraulic pressure was varied are shown in Fig. 4 . The fringes obtained from O-ring seal have been included for comparison (Nam et al., 2011) . It was observed that when hydraulic pressure increased, the fringe order increased with the region near the extrusion gap recording the highest fringe order. The patterns of the fringe lines at the side where pressure was applied were almost vertical for each loading condition regardless of the cross sectional profile and ratio H 1 /H 2 . At 3.92 MPa hydraulic pressure, all the seals recorded higher fringe orders compared to those at lower pressures. From this study, seal material started being forced out through the narrow gap of the groove when hydraulic pressure was 5.4 MPa for the seal with H 1 /H 2 =3.5. The forcing out phenomenon of seal material through the gap is commonly described as extrusion. To initiate extrusion in the seal with H 1 /H 2 =2.5, a pressure of 6.5 MPa was required. For the seal with circular cross section, extrusion had already occurred at 3.92 MPa. Therefore, the pressures required to initiate extrusion were dependent on the geometric condition of the seal.
To determine the geometric effect of H 1 and H 2 on internal stresses, a detailed analysis of the seals was done using PEHM. Firstly, data along the fringe lines of the actual isochromatics recorded by a digital camera was collected using Image Pro Plus, an image processing software. During data collection, the seal had to be rotated accordingly using the co-ordinate system in Fig. 2 (c) . Collected data by Image Pro Plus was combined with geometric and loading conditions and transferred into a computer based program that was developed by the authors for stress analysis. The state of stress in the seal structure was determined when the actual and regenerated isochromatics were similar to each other.
In Fig. 5 , the actual and regenerated isochromatics of the upper and front sides of the seal under 20% squeeze and hydraulic pressure of 3.92 MPa are described. On the other hand, Fig. 6 shows the actual and regenerated isochromatics of the upper and front sides of the seal ring with a fractional compression of 20% and 5.4 MPa hydraulic pressure. In both cases, it was observed that the actual isochromatics in the region highlighted by the rectangle were very similar to the regenerated isochromatics; with cross marks "+" on regenerated isochromatics located along the centre lines of the isochromatic bands. It is to noted that the regenerated isochromatics have been rotated to correspond to the co-ordinate system described in Fig. 2 (c) . The x/a and y/a on regenerated isochromatics represent the x and y distances which have been normalized by half the contact length, a.
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Analysis of internal and contact stresses using PEHM
With similarity between regenerated and actual experimental fringes, the stress components σ x , σ y , τ xy and von Mises stresses, σ vm , in the interior of the seal structure were determined. For brevity, only the interior stresses on the upper side of the seal with H 1 /H 2 =3.5 obtained from Fig 6 are shown in Fig. 7 . From the stress contours in Fig. 7 , the highest magnitudes of σ x and σ y were 10.4 MPa and 10.9 MPa while those of τ xy and σ vm were 0.32 MPa and 10.6 MPa respectively. It is evident that the magnitudes of σ y were slightly higher than those of σ x and the values of τ xy were generally very small. It is further noted that the highest magnitudes of stresses generally occurred in the region close to the extrusion gap located at the bottom left corner of the stress contours. In a similar manner described above, the internal stresses of the seals with various ratios of H 1 to H 2 were analyzed using PEHM. From the analysis, the highest/greatest shear stress component, τxy close to the extrusion gap was obtained and the results are summarized in Fig. 8 . It was observed that among the seals investigated in this research, the seal with H 1 /H 2 = 2.5 experienced the lowest value of shear stresses, τ xy at all loading conditions. Moreover, the stress components σ x and σ y for the seal with H 1 /H 2 = 2.5 were generally lower compared to other seals under the same loading condition of compression and hydraulic pressure. This may be attributed to the folding mechanism that was observed at the step near the extrusion gap. The folding mechanism implies that the entangled polymer chains got disentangled. This disentanglement weakens the interactions between epoxy molecules. This in turn lowers the stresses compared to other seals where folding mechanism was not observed.
On the basis of maximum shear criterion (see eq. (3)), the seal with a ratio of H 1 /H 2 = 2.5 demonstrates better resistance to shear. The shear stress is considered in engineering stress models as the most damaging as it controls crack initiation. The seal with H 1 /H 2 = 2.5 registered the lowest magnitude of τ xy which when substituted in eq. (3) together with lower values of σ x and σ y for the seal with H 1 /H 2 = 2.5 will yield lowest τ max . Since seals fail due to fracture at the region near the extrusion gap (White and Denny, 1947, Medri and Strozzi, 1984) , it can reasonable to suggest that the seal with H 1 /H 2 = 2.5 can resist fracture and hence failure. Therefore, seals with the proposed profile can serve as alternative seals for high pressure applications; particularly in areas where performance of circular shaped seals is unsatisfactory.
Mose, Dong-Kil Shin, Dong-Chul Shin, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.2 (2017) The sealing capability depends greatly upon the contact stresses between the seal and the surfaces with which it comes into contact (Green and English, 1994) . It is generally known that leakages will occur when the pressure differential across the seal exceeds the contact stresses. In this study, a detailed analysis of the contact stresses was carried out on the upper side of the seal models to establish whether the sealing condition to avoid leakage was met. The selection of the upper side was informed by the high intensity of stresses experienced in this region as evidenced by the high order isochromatic fringes (see Fig. 4 ). Representative results of this analysis are shown in Figs. 9. It is observed that the contact stresses were greater than the applied pressures for each of the loading conditions. It is also observed that the contact stresses followed a non-Hertzian profile and were almost constant over the contact length. The performance of the seal with the proposed shape was found to be satisfactory in avoiding leakages since the contact stresses were higher than applied pressure. Therefore this seal shape offers new possibilities as an alternative to the circular shaped seal.
(a) (b) Fig. 9 . Variation of contact stresses at upper side of contact region with respect to hydraulic pressure (a) H 1 /H 2 =2.5 and (b) H 1 /H 2 =3.5
Contact length
The contact lengths of seals play a significant role in determining the packing ability of sealing elements. In this study, a video microscope was used to measure the contact lengths of the seals as the hydraulic pressure increased. The results are shown in Fig. 10 for the case of H 1 /H 2 =3.5. The results indicated that the contact lengths increased from 4.26 Mose, Dong-Kil Shin, Dong-Chul Shin, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.2 (2017) mm to 4.77 mm as the hydraulic pressure increased from 0.98 MPa to 3.92 MPa. The results of packing ability of the seals with combined circular and rectangular profiles from this study were compared with those of the circular shaped seal in (Hawong et al., 2010) . The results are shown in Fig. 11 . The contact lengths of seals with the suggested profile were similar to each other at all hydraulic pressures. Interestingly, at zero pressure, the contact lengths for all the seals including the O-ring were similar. However, at 3.92 MPa, the contact lengths of the proposed seals were higher than those of the O-ring seal. Thus, the packing ability of these seals becomes even better than that of the circular shaped seal especially at high fluid pressures. 
Analysis of the deformation behavior by Finite Element Analysis
Deformation behavior of the D-shaped seal was investigated by finite element analysis (Abaqus, Dassault systemes). Fig. 12 shows the finite element model of the sealing system with H 1 /H 2 =2.5. Considering the axisymmetric deformation about centre axis of the seal-ring and long length of 4.15 mm compared with the width 3.5 mm, two dimensional analysis was performed. Plane stress element with full integration (CPS4) was used, the number of elements was 6233, and the size of mesh was about 0.1 mm. The friction coefficient of seal ring contacts for top/bottom parts was μ=0.02. Pressure load was applied at the left side of the ring. At the contacting surfaces where both pressure load and moving contact load could be applied simultaneously, 'pressure penetration' condition was applied. Bottom part was fixed. Top part moved down by 1.4 mm at the first step to give 20% squeeze, and pressure was applied at the second step. Mose, Dong-Kil Shin, Dong-Chul Shin, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.2 (2017) 
where W is the strain energy potential, I 1 and I 2 are the first and second invariants of the deviatoric strain, and C 10 and Mose, Dong-Kil Shin, Dong-Chul Shin, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.2 (2017) C 01 are Rivlin coefficients from experimental data. In this study, C 10 and C 01 were taken as 1.9 and 0.5 respectively.
The isochromatic fringes of the finite element (FE) model of H 1 /H 2 =2.5 under the hydraulic pressure of 0.98 MPa is shown in Fig. 14 (a) . The stress-optic law in eq. (2) was used to create fields. Note that the unit of the contour is fringe order (N), and the number of field in the legend is a dummy number. From the figure, under combined squeeze and hydraulic pressure, the seal is forced against the front side of the groove, resulting in deformation of seal to form 3 sealing surfaces similar to those in the actual experimental set up. The areas of contact between the seal and the mating surfaces serve as barriers preventing leakages. It is evident from the FE model that the as fluid pressure increase, the seal material is forced into the region near the extrusion gap in a way similar to experimental observation. A comparison of the isochromatics from FE model indicates remarkable similarity with the actual photoelastic ones in Fig. 4 . The isochromatics on the pressure side are almost vertical just like in the case of experimental fringes. The overlay showing the deformation of the seals at incremental pressures are shown in Fig 14(b) . The deformations from numerical model are very similar to those obtained from experiment. As a result of the remarkable similarities, the numerical model developed in this study can be effectively used to predict the behaviour of the seal during the normal operational conditions. 
Conclusion
In this paper, performance behaviour of seals during operation were investigated in order to contribute to better designs of seals and seal systems commonly used in aircraft and rocket propulsion parts. Both experimental and numerical methods have been used. Experimental work is particularly useful not only for direct application of results in industry but also as a powerful tool to verify theoretical and numerical predictions. It was found that significant improvements in mechanical seal performance can be achieved by carefully combining the rectangular and circular profiles into one seal, called the D-shaped seal. The folding mechanism at the step of the seal with H 1 /H 2 =2.5 was found to contribute the seal's best performance. It was also found that for each loading condition, the contact stresses were greater than the applied medium pressure. This important sealing criterion confirmed that the new seal geometry has good sealing ability. Contrary to previous studies, contact stresses were found to possess a non Hertzian profile; and as medium pressure increased, stresses at the contact surface became almost uniform. By measuring the contact lengths using a video microscope, the seal with the new geometric condition recorded higher contact lengths compared with seals with circular profile. The numerical fringe patterns and deformation behavior from FEM showed remarkable similarity when compared with the photoelastic experiment results. From this study, it is shown that the seal with the new cross sectional profile can offer new possibilities as novel leak tight seal for high pressure applications. 
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